ABSTRACT: Over the past several decades, there has been rapid growth in research on the displacement measurement system for large structures. However, widely used sensors such as accelerometers, strain gauges, PZT, and GPS have disadvantages that they indirectly measure the displacement, are difficult to install, or costly to maintain. To solve the aforementioned problem, a paired structured light (SL) system was introduced in the previous study. Each module is composed of two screens facing with each other each with one or two lasers and a camera. Though the system can successfully estimate 6-DOF displacement, the measurable displacement range is limited due to the limited screen size. In this paper, therefore, a visually servoed paired SL system is proposed. The newly proposed system uses a visually servoed 2-DOF manipulator in order to make the projected laser beams are always on the screen. In other words, the laser pointer is controlled by a manipulator before it gets off. Various experiments were performed to validate the proposed system. The results show that the proposed system estimates 6-DOF displacement with high accuracy and with largely expanded measurement range. By cascading multiple modules, the proposed system can be applied to the massive structures such as long-span bridges or high-rise buildings.
INTRODUCTION
As structural health monitoring (SHM) has gained great attention for several decades, various monitoring systems or sensors have been developed. Especially, structural displacement monitoring is considered one of important categories of SHM. To measure the structural displacement, conventional sensors such as accelerometers, GPS, and LVDTs have been widely used. However, aforementioned sensors have problems that a) it indirectly measures the displacement, b) the cost is relatively high, or c) it is hard to install or maintain. To solve the problems, vision-based displacement monitoring system has been researched.
Although the vision-based displacement monitoring system directly estimates the displacement and the cost is relatively low, the displacement can be estimated only if the line of sight (LOS) is preserved [1] [2] . In detail, most of the vision-based displacement monitoring systems install the targets on the structure and a camera on a fixed point captures the movement of the targets from a far. Because the distance from the camera and the target is long, it is highly affected by the external changes such as weather or illumination. In this paper, therefore, a visually servoed paired structured light (SL) system is designed to directly estimate the displacement, be relatively cheap, and be strong to the external environmental changes. The remainder of this paper is structured as follows. In Section 2, the visually servoed paired SL system and its kinematics are described. In Section 3, the experiments were performed to validate the performance of the proposed system. In section 4, conclusions are discussed.
VISUALLY SERVOED PAIRED STRUCTURED

LIGHT SYSTEM
In the previous study [3] , Myung et al. proposed the paired SL system as shown in Fig. 1 . As the figure shows, each side is composed of one or two lasers, a camera, and a ( , , ) ( , ) ( , ) ( , ). 
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By using the Newton-Raphson method, the estimation of p can be obtained as follows:
where, J p = ∂M/∂p is the Jacobian of the kinematic equation, J p + is the pseudo-inverse of the Jacobian, and m is the estimated observation by M. To validate the proposed system, various experiments were conducted. One side of the system is composed of one or two lasers, a camera, and a screen (see Fig. 4 ). Two sides were set to be facing each other as shown in 
EXPERIMENTS
CONCLUSIONS
This paper proposes the visually servoed paired structured light system to measure 6-DOF displacement regardless of the screen size or the magnitude of the displacement. To expand the measurement range, a 2-DOF manipulator is introduced and it makes the projected laser beams remain on the screens. The prototype was built and various experimental tests were performed to validate the performance of the system. The results showed that the proposed system can estimate 6-DOF displacement with high accuracy with largely expanded measurement range.
By cascading multiple modules, the proposed system can be applied to the massive structures such as bridges or high-rise buildings.
In the future, multiple modules will be built and applicability of the proposed system to real large structures such as long span bridges or high rise buildings will be tested. 
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